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Edited by Gianni CesareniAbstract The cold-induced wheat WCSP1 protein belongs to
the cold shock domain (CSD) protein family. In prokaryotes
and eukaryotes, the CSD functions as a nucleic acid-binding do-
main. Here, we demonstrated that puriﬁed recombinant WCSP1
is boiling soluble and binds ss/dsDNA and mRNA. Furthermore,
boiled-WCSP1 retained its characteristic nucleic acid-binding
activity. A WCSP1 deletion mutant, containing only a CSD, lost
ssDNA/RNA-binding activity; while a mutant containing the
CSD and the ﬁrst glycine-rich region (GR) displayed the activ-
ity. These data indicated that the ﬁrst GR of WCSP1 is neces-
sary for the binding activity but is not for the heat stability of
the protein.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Cold shock domain (CSD) proteins, or otherwise named Y-
box proteins, are widely distributed in bacteria, plants, and
animals [1,2]. The highly conserved CSD within these proteins
serves as a nucleic acid-binding domain for its associated func-
tions in translational and/or transcriptional regulation [2]. In
Escherichia coli, four out of the nine CSD proteins (CspA,
CspB, CspG, CspI) are highly induced after cold shock and
are involved in cold adaptation. A quadruple mutation in
cspA, cspB, cspG and a constitutively expressed cspE causes
a growth defect at low temperature [3,4]. The 3D structures
of E. coli CspA and Bacillus subtilis CspB were determined
by X-ray crystallography and NMR; both serve as a structural
model for the CSD [5–8]. Both proteins share in common aAbbreviations: CD, circular dichroism; CSD, cold shock domain; GR,
glycine-rich region; GST, glutathione-S-transferase; ZnF, zinc ﬁnger
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doi:10.1016/j.febslet.2005.07.074compact ﬁve-stranded b-sheet folded structure. Bacterial cold
shock proteins (CSPs) possess consensus RNA-binding sites
(RNP1, RNP2) that facilitate binding to single-stranded nu-
cleic acids on their antiparallel three-stranded b-sheets; an
interaction which involves local basic and aromatic residues.
E. coli CspA binds to RNA and functions to destabilize sec-
ondary structures in mRNA; a function which is critical for
eﬃcient translation of mRNAs at low temperatures [9]. In
addition, it was reported that CspA functions as a transcrip-
tion anti-terminator and is responsible for the expression of
a set of cold-responsive genes [10].
We have identiﬁed a cDNA clone (WCSP1) encoding a pro-
tein homologous to E. coli CspA [11] from winter wheat. The
putative WCSP1 protein consists of an N-terminal CSD, three
C-terminal CCHC zinc ﬁngers (ZnFs) and an internal glycine-
rich region (GR) that is interspersed with three CCHC ZnFs.
Both WCSP1 mRNA and protein levels steadily increase in
crown tissue during cold acclimation. A recombinant WCPS1
proteinwas produced and the puriﬁed glutathione-S-transferase
(GST)-fusedWCSP1 protein binds RNA and ss/dsDNA [11]. A
GenBank database search revealed that WCSP1-like proteins
are widespread in the plant kingdom. Four WCSP1-like genes,
which were identiﬁed in the Arabidopsis genome, are diﬀeren-
tially regulated in response to low temperature exposure [12].
In the present paper, we puriﬁed the intact form of the
WCSP1 protein (GST-fusion tag removed) and showed that
it binds to in vitro transcribed mRNA, as well as single- or
double-strand DNAs. We also report that this binding activity
of WCSP1 and its structure is stably maintained subsequent to
a boiling treatment.2. Materials and methods
2.1. Recombinant protein production and puriﬁcation
Three recombinant proteins were produced as a N-terminal GST-fu-
sion using the pGEX6P-3 vector (Amersham Bioscience). pGEX-CSD
wasproducedby introducing a termination codonat aminoacid position
72 with a mutagenic primer [5 0-TGTGGATCCTATGGTGCGGT-
GACGTC-30]. Selection of the mutation was facilitated by the GeneEd-
itor in vitro site-directed mutagenesis kit (Promega). Construction of
pGEX-WCSP1 and pGEX-TGA132 was described in detail in a previ-
ous study [11]. E. coli cells containing pGEX-WCSP1, pGEX-
TGA132, pGEX-CSD and pGEX6P-3 were cultured in LB media until
the OD600 reached an absorbance of 0.6. Isopropyl-b-D-galactopyrano-
side (IPTG) was subsequently added to a ﬁnal concentration of 0.5 mMblished by Elsevier B.V. All rights reserved.
Fig. 1. Puriﬁcation of WCSP1 protein and heat stability of WCSP1.
Recombinant GST or WCSP1 proteins were puriﬁed and treated with
(+) or without () 100 C for 20 min. Proteins were subsequently
separated by SDS–PAGE. S, soluble fraction after boiling treatment;
IS, insoluble fraction after boiling treatment. Lane 1, puriﬁed GST;
lane 2, puriﬁed WCSP1; lane 3 soluble fraction of boiling treated GST;
lane 4, soluble fraction of boiling treated WCSP1; lane 5, insoluble
fraction of boiling treated GST; lane 6, insoluble fraction of boiling
treated WCSP1.
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tureswere centrifuged and thepelletswere sonicated.The sonicated solu-
tions were centrifuged and the total soluble fraction (supernatant) was
aﬃnity puriﬁed within a glutathione–Sepharose 4B column (Amersham
Bioscienses) according to themanufacturers instructions. Subsequent to
washing, boundGST-fused proteins were further puriﬁed by on column
digestion with PreScission protease (Amersham Bioscienses) according
to the manufacturers instructions. Eluted GST, WCSP1, TGA-132
and CSD proteins were washed and concentrated with buﬀer (10 mM
Tris–HCl, pH 7.5). Protein concentration was estimated using the DC
protein assay (Bio-Rad).
2.2. Boiling treatment
The protein samples were heated to 100 C for 20 min and were sub-
sequently cooled on ice. The samples were centrifuged at 12000 · g for
10 min at 4 C in order to separate the soluble and insoluble fractions.
The insoluble fraction was re-suspended with SDS sample buﬀer [13]
and protein samples were separated by SDS–PAGE and stained with
Coomassie Brilliant Blue.
2.3. Nucleic acid binding analysis
Gel retardation analysis with ds/ssDNA substrates was performed as
previously described [11]. Single-stranded (M13mp18) DNA (of 0.1 lg)
was incubated with GST, WCSP1, TGA132 or CSD proteins (500
pmol). Nucleotides and proteins were incubated in 15 ll of binding
buﬀer (10 mM Tris–HCl, pH 7.5) and were maintained on ice for
15 min.
Luciferase mRNA was in vitro transcribed from a sequence-con-
ﬁrmed ﬁreﬂy luciferase plasmid with a RiboMAX kit (Promega).
For in vitro transcription, luciferase constructs were digested with
PvuII and linear DNA was transcribed with T7 RNA polymerase using
the RiboMAX protocol (Promega) in a binding reaction buﬀer con-
taining RNase inhibitor. Binding reactions were subjected to agarose
gel electrophoresis and were visualized by ethidium bromide staining.
2.4. Circular dichroism spectrum
Circular Dichroism (CD) spectra were measured in 50 mM sodium
phosphate buﬀer (pH 7.5) at protein concentrations of 0.58 lg/ml with
a JASCO J-600 spectropolarimeter at room temperature. The light
path of the cell used was 0.5 cm for wavelengths ranging from 200 to
250 nm. All data were expressed as molar ellipticity. For the thermal
unfolding studies, cells were heated from 30 to 65 C in 5 C intervals.
After an equilibration time of 5 min, CD spectra were measured at
each temperature point. CD spectra were measured within the range
of 200–250 nm. Ellipticity at 222 nm was used for the determination
of melting temperature (Tm).Fig. 2. Analysis of DNA-binding activity of WCSP1 by gel shift assay.
Unboiled WCSP1 (A) or boiled WCSP1 (B) were incubated with either
ssDNA or dsDNA in order to analyze the eﬀect of boiling treatment
on the formation of nucleotide–protein complexes. Arrow indicates
nucleotide–protein complex. G, GST; W, unboiled WCSP1; Wb,
boiled WCSP1.3. Results
3.1. Puriﬁcation and heat stability of intact WCSP1 protein
Recombinant WCSP1 protein was produced in E. coli as a
GST-fused protein and was purifed as an intact form after
on column digestion with PreScission protease. The intact
WCSP1 migrates as a 26 kDa protein on SDS–PAGE gels
(Fig. 1, lane 2). Our previous study demonstrated that two
distinct size bands were detected with anti-WCSP1 antibodies
in cold acclimated wheat crown tissues [11]. Western blotting
with puriﬁed WCSP1 protein and wheat crown total protein
indicated that the intact WCSP1 protein corresponded to the
larger size band detected in the crown protein (data not
shown). Recombinant GST protein alone was also puriﬁed
(Fig. 1, lane 1) and used as a negative control in the following
experiments. Preliminary experiments revealed that WCSP1
was stable after heat treatment; as a result we were interested
to test its stability after boiling. WCSP1 and GST were boiled
for 20 min, separated into soluble and insoluble fractions, and
were analyzed by SDS–PAGE. The band for GST was not
detected in the boiling soluble fraction (Fig. 1, lane 3) butwas detected in the insoluble fraction (Fig. 1, lane 5); an obser-
vation which indicated a heat-labile property of the protein. In
contrast, a WCSP1 protein band was detected in the boiling-
soluble fraction (Fig. 1, lane 4) but was not found in the insol-
uble fraction. These data indicated that WCSP1 protein is a
boiling-soluble protein.
3.2. ssDNA- and dsDNA-binding activities of intact WCSP1
protein
In order to test nucleic acid-binding activities of intact
WCSP1, gel retardation analyses were performed utilizing sin-
gle- or double-stranded phage DNAs as substrates. As shown
in Fig. 2, shifts of ssDNA and dsDNA bands were detected
when the intact WCSP1 was added (Fig. 2A). However, when
GST was added as a negative control, no shift was detected for
either ssDNA or dsDNA substrates (Fig. 2A). These data indi-
cated that the intact WCSP1 is capable of binding both ssDNA
and dsDNA. To examine whether WCSP1 is functionally sta-
Fig. 3. Analysis of RNA-binding activity of WCSP1 by gel shift assay.
Unboiled WCSP1 (W) or boiled WCSP1 (Wb) were incubated with
in vitro transcribed luciferase mRNA. Arrow shows nucleotide–
protein complex. G, GST; W, unboiled WCSP1; Wb, boiled WCSP1.
Fig. 4. CD of WCSP1 and boiled WCSP1. A secondary structure CD
was measured from 200 to 250 nm. Bold line, unboiled WCSP1; dotted
line, boiled WCSP1.
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boiling-treated WCSP1 protein. Gel-shifting was detected with
both ssDNA and dsDNA, indicating that WCSP1 protein is
functionally stable after the boiling–cooling cycle (Fig. 2B).Fig. 5. Functional analysis for the contribution of multiple C-terminal ZnF
TGA-132 and CSD proteins. (B) Puriﬁcation of WCSP1 and its deletion pro
proteins were separated by SDS–PAGE. Unboiled or boiled recombinant p
subjected to agarose gel electrophoresis. Electrophoresed samples were sub
nucleotide–protein complex. G, GST; D, unboiled CSD; 132, unboiled TGA-1
boiled WCSP1.3.3. mRNA-binding activity of WCSP1
We previously showed that WCSP1 protein is able to bind
ribohomopolymers [11]. To examine if the intact WCSP1 can
bind mRNA, a RNA gel retardation assay was performed
using in vitro-transcribed luciferase (luc) mRNA as a sub-
strate. The luc mRNA was incubated with WCSP1 or GST
recombinant proteins on ice in the presence of a RNase inhib-
itor. As shown in Fig. 3, a clear shift was observed with
WCSP1 (Fig. 3, lane 3), whereas no shift was detected with
GST (Fig. 3 lane 2). Boiling-treated WCSP1 also showed sim-
ilar binding to the luc mRNA (Fig. 3, lane 4), suggesting that
the mRNA-binding activity is stably maintained after the boil-
ing–cooling cycle.3.4. Structural stability of WCSP1 after boiling treatment
To determine whether the intact WCSP1 protein maintains
secondary structure after boiling treatment, the structural
integrity of WCSP1 was examined by CD spectroscopy.
Similar to the CD spectrum of E. coli CspA and CspE [14–
16], the far UV spectrum of WCSP1 protein showed a mini-
mum peak around 210 nm, which is characteristic of an un-
stacked b-strand structure (Fig. 4). The presence of character-
istic maxima which were detected at 215–225 nm is due to
aromatic chromophores [16]. The CD spectrum of boiled
WCSP1 protein closely resembled the spectrum of the unboiled
WCSP1 protein (Fig. 4). These results suggested that the
boiled WCSP1 protein was able to maintain proper folding
subsequent to the boiling–cooling cycle.
In order to conﬁrm that the boiling–cooling treatment of
WCSP1 includes an unfolded state of the protein, a tempera-
ture-dependent change in ellipticity was measured by CD
spectroscopy. The resultant thermal unfolding curve (data
not shown) revealed that WCSP1 has a Tm of 45.8 C; an
observation which indicated that WCSP1 was in an unfolded
state at boiling temperature.motifs and GR. (A) Schematic structural representation of WCSP1,
teins and heat stability. Unboiled proteins or soluble fraction of boiled
roteins were incubated with ssDNA (C) or luciferase mRNA (D) and
sequently visualized by ethidium bromide staining. Arrow indicates
32; W, unboiled WCSP1;Db, boiled CSD; 132b, boiled TGA-132; Wb,
4890 K. Nakaminami et al. / FEBS Letters 579 (2005) 4887–48913.5. Contribution of glycine-rich/zinc-ﬁnger region on the
function and boiling stability of WCSP1
WCSP1 consists of three structural components; an N-termi-
nal CSD, GRs, and C-terminal retro-viral like CCHC ZnFs.
To determine which domain is essential for nucleic acid bind-
ing and heat stability, recombinant mutant WCSP1 proteins;
which contained only a CSD and or lacked CCHC ZnFs
(TGA132), respectively, were produced in E. coli and subse-
quently aﬃnity puriﬁed (Fig. 5A and B). Three proteins
(WCSP1, CSD, TGA132) were tested for nucleic acid binding.
As shown in Fig. 5C, ssDNA-binding activity was detected
with WCSP1 and TGA132 but not with CSD. Similarly, when
luc mRNA was used as a substrate, both WCSP1 and TGA132
bound RNA, but the CSD failed to bind luc mRNA (Fig. 5D).
Collectively, these data indicated that the ﬁrst GR domain is
required for the binding of WCSP1 to single-stranded nucleic
acids. SDS–PAGE analysis showed that both the CSD protein
and the TGA-132 remained soluble after boiling (Fig. 5B,
lanes 6 and 7), which was similar to WCSP1 (Fig. 5B, lane
8). Therefore, it was concluded that the stability/correct fold-
ing behavior of WCSP1 subsequent to boiling treatments does
not depend upon the presence of GR or ZnF. Nucleic acid
binding analyses revealed that the boiled TGA-132 protein is
capable of binding to ssDNA and mRNA; thereby indicating
that TGA132 is functionally active after a boiling treatment
(Fig. 5C and D).4. Discussion
In this study, we puriﬁed the intact form of WCSP1 and
characterized its nucleic acid-binding activity. The data indi-
cated that WCSP1 has ssDNA- and mRNA-binding activities,
a behavior which requires the presence of the CSD and the ﬁrst
GR. We also found that WCSP1 is functionally and structur-
ally stable after a boiling–cooling cycle.
In our previous study, two distinctive bands within total
protein extracts from cold acclimated wheat crown tissue
cross-reacted with a polyclonal antibody that was raised
against a WCSP1 speciﬁc peptide sequence [11]. The two pro-
tein bands were diﬀerentially accumulated to high levels during
cold acclimation. Therefore, it was unclear which band corre-
sponded to the WCSP1 gene product. Recombinant WCSP1
protein was puriﬁed from E. coli and it exhibited an apparent
molecular mass of 26 kDa (Fig. 1) which corresponded with
the larger size band detected in the wheat crown total protein
fraction [11]. This result was furthermore supported by the fact
that the WCSP1 protein produced in transgenic rice plants also
displayed the same molecular size on a SDS–PAGE gel (data
not shown). It is possible that the lower molecular weight band
may represent the product of a WCSP1 homolog which
encodes a putative smaller sized protein that we identiﬁed in
wheat (BAD08700). At the present time, it seems less feasible
that post-translational modiﬁcations of WCSP1 produce the
distinctive size diﬀerences of cross-reacting protein bands.
X-ray crystallography and NMR studies have shown that
E. coli CspA and B. subtilis CspB contain a similar 3D struc-
ture which is comprised of a compact ﬁve-stranded b-sheet
fold [5–8]. In our circular dichroism studies, the far UV spec-
trum of WCSP1 protein showed a minimum peak around
210 nm. This observation was consistent with an unstacked
b-strand structure. Furthermore, the pattern of WCSP1s CDspectrum was similar to those of E. coli CspA and CspE [14–
16]. Collectively, these data suggested that the CSD of WCSP1
folds into a similar 3D structure as bacterial CSPs and that the
C-terminal GR does not interfere with this folded structure.
Interestingly, we determined that the CD spectrum of WCSP1
was not altered in a boiling–cooling cycle (Fig. 4). WCSP1 did
not show aggregation and maintained nucleic acid-binding
activity after the boiling–cooling cycle (Figs. 2 and 3). These
data suggested that the 3D structure of WCSP1 is stably main-
tained after a boiling–cooling treatment. One such case is the
LEA protein family [17–19] which accumulate in plants during
abiotic stresses such as dehydration, salinity and low tempera-
ture and also remain soluble after boiling. In the case of LEA
proteins, they are predominantly hydrophilic and are thought
to be un-structured molecules in plant cells [20]. In contrast,
WCSP1 contains a compact ﬁve-b-strand structure which con-
tains two consensus RNA recognition domains (RNP1 and
RNP2). WCSP1 displayed an Tm of 45.8 C, which is lower
than those of CSPs from mesophilic bacteria [21–23]. Quanti-
ﬁcation of the Tm value for WCSP1 allowed us to conclude
that the boiling–cooling cycle resulted in unfolding–folding
transition of WCSP1. It is interesting to note that CSPs from
B. subtilis and E. coli display extremely fast transition between
native and unfolded states [24,25]. E. coli CspA also showed
rapid refolding [26]. It is reasonable to consider that WCSP1
also has a rapid refolding system after boiling treatment; a
phenomenon which may partially explain why WCSP1 does
not aggregate subsequent to boiling. Future studies are war-
ranted to conﬁrm if WCSP1 exhibits rapid refolding and to
determine if there is a correlation between boiling-solubility
and rapid folding.
In the present study, we showed that intact WCSP1 protein
has ssDNA- and mRNA-binding activities. However, two
derivatives of WCSP1, CSD and TGA132 showed a contrast
in their activity for ssDNA/mRNA binding (Figs. 2 and 3).
Interestingly, CSD alone protein did not have RNA-/
ssDNA-binding activity. These results indicate that the ﬁrst
GR is necessary for RNA-binding activity. Why is the GR is
required? One possibility to consider is a stability or structure
eﬀect. Although the CSD is stable even after boiling, it may be
possible that protein folding occurs loosely with the CSD do-
main alone and the absence of the GR may negatively aﬀect on
the structure of RNP1 and RNP2. Alternatively, the GR may
positively aﬀect RNA-binding activity. RGG box has been rec-
ognized as a RNA-binding motif within several classes of pro-
tein such as hnRNP U and nucleolin [27]. RGG boxes usually
appear with another RNA-binding motifs and enhances bind-
ing aﬃnity 10 times [28]. There are several repeats of RGG or
YGG sequences, which are typical components of the RGG
box, within the GR region of WCSP1. Consistent with the
putative relationship to RNA binding, in the case of WCSP1,
the ﬁrst GR domain plays an important role for nucleic acid
binding.
We have previously shown that a GST-WCSP1 fusion pro-
tein is capable of binding ssDNA and ribo-homopolymers
[11]. In this study, we demonstrated that the intact WCSP1
protein binds ssDNA (Fig. 2) and mRNA (Fig. 3). Speciﬁc tar-
get sequences have been identiﬁed for several classes of CSD
proteins such as animal Y-Box proteins [29–33], CspB from
B. subtilis [34] and E. coli Csps [35]. Since WCSP1 protein
binds to luc mRNA, as well as M13 phage DNA, these data
suggest that it has low sequence speciﬁcity in vitro. However,
K. Nakaminami et al. / FEBS Letters 579 (2005) 4887–4891 4891the data do not eliminate the possibility that there may be a
speciﬁc target RNA in vivo. Collectively, these data support
the hypothesis that the cold inducible WCSP1 protein can bind
to mRNA in wheat in vivo and that WCSP1 may destabilize
mRNA secondary structure in a manner similar to E. coli CSPs
[9,15,16].
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